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(57) Abstract: An optical scanning device is described comprising a three element compound objective lens where a dual lens 
objective lens system (12, 13) is combined with a solid immersion lens (14) to form an ultra high numerical aperture compound 
objective lens capable of reading from different information layers in a multilayer optical record carrier (1). 
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Optical scanning device. 



This invention relates to an optical scanning device for scanning an optical 
record carrier, such as an optical disk, comprising at least one information layer, the device 
comprising a radiation source for generating a radiation beam and a compound objective lens 
system located in an optical path between the radiation source and the record carrier for 
5 converging the radiation beam to a spot on an information layer. 

There is a need for the production of optical record carriers of high capacity. 
Optical disks have been devised that have multiple information layers in a single disk (referred 
to as a "multilayer" disk). It is also possible to increase the amount of information stored on a 
disk by decreasing the size of the data markings. In order to read such small data markings, 

10 optical scanning devices using a relatively short wavelength and a high numerical aperture 
(NA) objective lens system, with at least NA > 1 and preferably NA = > 1.6 (an "ultra-high" 
numerical aperture), are desirable. 

US patent 5,125,750 proposes an optical scanning device using an objective 
lens system of two lenses with the first lens element being a single objective lens well 

15 corrected for aberrations and the second lens being a solid immersion lens (SIL). The use of 
the SIL increases the numerical aperture of the system whilst reducing, or at least not 
introducing, unwanted aberrations as the beam enters the optical disk medium. There are two 
proposed configurations of such a dual-lens objective, the "centre of curvature" case and the 
Huygens aplanatic case. These configurations are described briefly below. For a more 

20 detailed explanation see W T Welford, Aberrations of Optical Systems (Adam Hilger, Bristol, 
1991), pp. 158-161. 

In the "centre of curvature" case, a single objective lens element is combined 
with a spherical plano-convex SIL having a spherical radius r and an axial thickness d 
substantially equal, i.e. d=r. With the beam properly focused on the exit surface of the SIL, it 

25 enters the SIL medium without refraction. The total numerical aperture of this system, in 

which the objective lens element has a numerical aperture NAobj and the SDL has a refractive 
index n S iu is 

NA = n S iL ' NAqbj 
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From this equation it can be seen that the total numerical aperture of the system 
is increased when the SIL is used, by a factor equal to the refractive index of the SIL. The 
maximum refractive index obtainable in a SIL is approximately 2.2 and the maximum 
numerical aperture of a single lens objective lens is approximately 0.65. Therefore, the 
maximum obtainable numerical aperture is approximately equal to 1.4. 

In the Huygens aplanatic case a single lens objective is combined with a 
spherical plano-convex SIL in which the spherical radius r and axial thickness d are related by 
the refractive index of the SEL n S iL, namely d=r+r/n S iL. With the beam properly focused on the 
SIL the beam is refracted and additionally focused on entering the SIL medium. The total 
numerical aperture of this system, in which the objective lens element has a numerical aperture 
NAobj, is 

NA = n 2 S iL • N Aobj 
with the constraint NA < n S iL- 

This arrangement may therefore be used to provide an ultra-high NA objective 
lens system. However, tolerances in variations in thickness and radius of the SEL are low and 
these variations must be below 0.5jim. The SEL therefore becomes a relatively difficult 
component to manufacture. Furthermore, because of these strict tolerances the objective lens 
system is not capable of reading different layers of a multilayer disk. 

In accordance with one aspect of the invention there is provided an optical 
scanning device for scanning an optical record carrier including at least one information layer, 
the device comprising a radiation source for generating a radiation beam and a compound 
objective lens system, located in an optical path between the radiation source and the location 
of the record carrier, for converging the radiation beam to a spot on a said information layer, 
wherein the compound objective lens system comprises a first lens element, a second lens 
element located between the first lens element and the location of the record carrier, and a 
third lens element located between the second lens element and the location of the record 
carrier, wherein the first lens element is arranged to converge the beam to a first convergent 
state, the second lens element is arranged to converge the beam to a second convergent state, 
said second state being of greater convergence than said first state, and the third lens element 
is arranged to supply the beam to the spot on the information layer. 

Features and advantages of the invention will become apparent from the 
following description of preferred embodiments of the invention, given by way of example 
only, with reference to the accompanying diagrams in which: 
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Figure 1 is a schematic illustration of a general layout used in accordance with 
embodiments of the invention; 

Figure 2 is a cross-sectional view of a compound objective lens system used in 
accordance with embodiments of the invention; 
5 Figure 3 is a schematic illustration showing an objective lens system mounted 

in an optical scanning device in accordance with a first embodiment of the invention; 

Figure 4 is a schematic illustration of an objective lens system mounted in an 
optical scanning device in accordance with a second embodiment of the invention; and 

Figure 5 is a schematic illustration of an objective lens system mounted in an 
10 optical scanning device in accordance with a third embodiment of the invention. 

With reference to Figure 1, an optical disk 1 comprises an outer transparent 
layer 2 within which at least one information layer 3 is arranged. In the case of a multilayer 
optical disk, two or more information layers are arranged behind the transparent layer 2, at 
different depths within the disk. The side of the information layer 3, or in the case of a 
15 multilayer disk the side of the layer furthest away from the transparent layer 2, facing away 
from the transparent layer is protected from environmental influences by a protection layer 4. 
The side of the transparent layer facing the device is the disk entrance face 5. The transparent 
layer 2 acts as a substrate for the optical disk by providing mechanical support for the 
information layer 3 or layers. Alternatively, the transparent layer may have the sole function 
20 of protecting the information layer 3, in the case of a multilayer disk the uppermost 

information layer, while the mechanical support is provided by a layer on the other side of the 
information layer, for instance by the protection layer 4 or by a further information layer and 
transparent layer bonded to the uppermost information layer. 

In the examples described below, it is assumed that a transparent layer is 
25 present on the optical disk. However, an outer transparent layer is not essential and the disk 
may be an air incident medium with an information layer 3 coincident with the entrance face 
5. 

Information may be stored in the information layer 3 or layers of the optical 
disk in the form of optically detectable marks arranged in substantially parallel, concentric or 
30 spiral tracks, not shown in Figure 1. The marks may be in any optically readable form, for 
example in the form of pits or areas with a reflection coefficient different from their 
surroundings, or magneto-optical form. 

The scanning device includes a radiation source 6, for example a semiconductor 
laser, emitting a diverging radiation beam 7. The lens system of the device includes a 
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collimator lens 9, a compound objective lens 10 and a condenser lens 11. A beam splitter 8, 
for example a semi-transparent plate arranged at 45° to the optical axis, passes the radiation 
beam towards the compound objective lens. The compound objective lens 10 includes a first, 
or back lens, element 12, a second, or middle, lens element 13 and a third, or front, lens 
5 element 14. The front lens element 14 is a plano-convex SIL. Each of the back lens element 
12 and the middle lens element 13 are shown in Figure 1 as a plano-convex lens, however, 
other lens types such as convex-convex, convex-concave or concave-convex lenses may also 
be used. Particular reference is made to the arrangement shown in Figure 2, to be described 
below. 

10 The collimator lens 9 transforms the diverging radiation beam 7 to a collimated 

beam 16. By collimated, we intend to mean a substantially parallel beam, for which the 
compound objective lens 10 has a transverse magnification substantially equal to zero. The 
need for a collimated beam arises when optical elements in the collimated beam path are 
designed for use with an ideally collimated (parallel) beam. A collimated beam is not 

15 necessary when the elements in the beam path are designed for use with a divergent or 

convergent beam. Even using elements designed for use with an ideally collimated beam, a 
certain tolerance as to vergence of the beam is acceptable, depending on the efficiency 
required of the optical system. To achieve the efficiency desired of the present optical system, 
which includes the beam splitter 8 and may include other optical elements such as a quarter 

20 wavelength plate, the collimated beam preferably has a vergence resulting in an absolute 
magnification of the objective lens smaller than 0.02. 

The compound objective lens 10 transforms the incident collimated beam 16 
first to a convergent beam 17 between the back lens element 12 and the middle lens element 
13, and then to a more convergent beam 18 between the middle lens element and the front lens 

25 element 14. The effect of the front lens element 14, being an SDL, is to increase the numerical 
aperture of the system further, without introducing spherical aberrations, or reducing unwanted 
spherical aberrations, as the beam enters the entrance face 5 of the disk, thereby increasing the 
convergence of the beam inside the transparent layer 2 compared to the effect achieved 
without a SDL present. 

30 The compound objective lens 10 transforms the reflected beam in 

correspondingly opposite stages, from a greatly divergent beam 20 between the front lens 
element 14 and the middle lens element 13, to a lens divergent beam 21 between the middle 
lens element 13 and the back lens element 12, to a substantially collimated reflected beam 22. 
The beam splitter 8 separates the reflected beam by reflecting at least part of the reflected 
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beam 22 towards the condenser lens 11. The condenser lens 1 1 transforms the incident beam 
into a convergent reflected beam 23 focused on detection systems 24, generally indicated by 
single element in Figure 1. 

The detection systems 24 capture the radiation and convert it into electrical 
5 signals. One of these signals is an information signal 25, the value of which represents the 
information read from the information layer 3. Another signal is the focus error signal 26, the 
value of which represents the axial difference in height between the spot 19 and the 
information layer 3 desired to be scanned. The focus error signal 26 is input to a focus servo 
controller 28. The controller 28 generates one or more focus servo control signals 29 which 

10 control the axial position of at least one of the three objective lens elements 12, 13, 14 with 
respect to another of the lens elements such that the axial position of the spot 19 coincides 
substantially with the plane of the information layer 3, or in the case of a multilayer disk a 
selected information layer. For example, in the case of a dual layer disk the focus error signal 
26 generated will follow the form of a dual layer "S" curve with two zero crossings at a 

15 positive gradient, one for each information layer. Switching focusing between the two layers 
may be performed electronically by means not shown in Figure 1. 

Figure 2 shows the three lens objective lens system 10 in cross section. The 
first lens element 12 is a concave-convex lens having a maximum axial thickness, at its centre, 
of approximately 2050jim. The second lens element 13 is a plano-concave lens having an 

20 axial thickness of approximately 1 lOOpm. The SIL 14 is a spherical plano-convex lens and 
has a radius of approximately 250jim and, assuming the thickness of any transparent layer 
present on the optical disk is negligible, a substantially equal axial thickness of approximately 
250nm. If a transparent layer is to be present, the total axial thickness of the SIL 14 and the 
transparent layer 2 is in any case selected to be substantially equal to the radius of the SIL 14. 

25 The SIL 14 is operated in a near field mode by ensuring that the exit surface of the SIL is 
located within approximately the distance of 1, and preferably 0.1, wavelength from the 
entrance face 5. 

A given ray of light 30 parallel to and spaced from the optical axis on entering 
the objective lens system at A is refracted towards the optical axis at point A of the entrance 
30 surface of the first lens element 12. The light ray passes through the first lens element 12, is 
refracted towards the optical axis at point B of the exist surface, and impinges upon the 
entrance surface second lens element 13 at point C. The light ray is refracted once more 
towards the optical axis on entry into the second lens element 13, passes through the second 
lens element 13, is refracted towards the optical axis as it exits the second lens element at 
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point D and impinges on the entrance surface of the SDL 14 at point E. The ray is not refracted 
at the entrance surface of the SBL 14. In this way, the light entering the objective lens system 
is converged by the lenses 12, 13, 14 to a spot 19 on the, or an, information layer 3 of the 
optical disk 1. The first lens 12 and the second lens 13 when correctly spaced axially are well 
5 corrected for spherical aberrations and together have a numerical aperture of approximately 
0.85 and a free working distance of approximately 300^im. As the two lenses 12, 13 have a 
relatively large free working distance, the third lens, the SIL 14, can be placed between the 
exit surface of the second lens 13 and the entrance face 5 of the optical disk. 

The SIL 14 is of the "centre of curvature" type, with its spherical radius 

10 substantially equal to its axial thickness. This construction of SIL has an axial thickness 

tolerance of ± lOjxm and the arrangement thus allows for the individual scanning of both of 
two information layers spaced by up to 20p,m in an optical disk. The SIL 14 may for example 
be made of cubic zirconia having a refractive index of 2.1419, giving a numerical aperture of 
the three lens system is 1.83. This therefore makes multilayer readout possible at a numerical 

15 aperture of 1.83. The SIL may be made of other materials having a relatively high refractive 
index (preferably nsiL > L5). The refractive index of the SIL is selected to substantially match 
the refractive index presented by the disk 1 at the entrance face 5. To obtain an appropriate 
match, a transparent layer having such a relatively high refractive index may be placed on the 
optical disk 1 to form its entrance face 5. 

20 In the following description of each of the first to third embodiments, it is to be 

appreciated that the above discussion relating to Figures 1 and 2 is intended to apply thereto, 
and that the components present, and modifications thereof, described in relation to Figures 1 
and 2 are intended to apply to each of the first to third embodiments. 

Referring now to Figure 3, in a first embodiment of the invention, the SIL 14 

25 and the other objective lenses 12, 13 are mounted on an air-bearing slider 35 positioning the 
SIL 14 at a predetermined distance above the entrance face 5 of the optical disk to be read 
whilst the disk is spinning under control of a servo motor. The first lens 12 and the second 
lens 13 are commonly held by a rigid mounting 36 whereby their axial positioning is fixed 
with respect to each other. The axial distance between the rigid dual lens and the SIL 14 is 

30 adjustable by a piezo actuator 37 controlled by means of the above-described focus servo 
control signal 29 and/or a signal switching between information layers in the disk 1. The 
whole system is carried via a spring mounting 38 on a rotary arm radial actuator 39 i.e. for 
tracking, moving the system radially across disk 1. The rotary arm 39 includes a beam folding 
mirror 40 for directing the collimated beams to and from the objective lens system. 
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The piezo actuator 37 may be a low bandwidth actuator to allow for switching 
between information layers in the disk 1 and to allow for low bandwidth focus servo control to 
correct for defocusing effects caused by temperature and wavelength variations. A different 
form of focus actuator could be used. Alternatively, the focus actuator 37 may be replaced by 
5 a rigid mounting, whilst focus control may be performed by actuating an optical element (e.g. 
mechanical axial movement of the collimator lens 9 shown in Figure 1) outside the objective 
lens system. With or without the piezo actuator 37, the optical readout system may switch 
from one information layer to another by use of such an optical element positioned outside the 
three lens objective system. 

10 In this embodiment, the slider 35 has to carry the weight of all three lens 

elements and the system may be sensitive to tilt of the disk. Disk tilt can lead to spot 
excursion with respect to the bottom surface of the slider. In a magneto-optic disk 
recording/reproducing system, to which this invention in all its embodiments may be applied, 
the slider also carries a magnetic coil with an optical window in its centre. For this 

15 embodiment the window must therefore be relatively large, which can lead to degraded coil 
performance. 

Figure 4 shows the second embodiment of the invention. Elements having the 
same reference numerals as elements shown in Figure 3 have the same function. The first lens 
12 and the second lens 13 are commonly held by a rigid mounting 41 whereby their axial 
20 positioning is fixed with respect to each other. In this embodiment only the SIL 14 is carried 
by the slider 35. The rigid dual lens is carried directly by the rotary arms 39 and the SIL 14, 
mounted on the slider 35, is suspended by a spring 38 below the rigid dual lens. The SIL 14 is 
positioned by the slider 35 at a predetermined level above the optical disk 1 whilst the disk is 
spinning. 

25 The axial position of the rigid dual lens with respect to the SIL 14 positioned on 

the slider 35 is variable and adjustable by means of an electro-magnetic focus actuator 42 
under control of the focus servo control signal 29 and/or a signal switching between 
information layers in the disk 1. The focus actuator 42 may have a relatively high bandwidth, 
and may be used for all focusing functions. Alternatively, the actuator 42 may be replaced by 

30 a rigid mounting and an element outside the objective lens system, such as that described 
above, may be used for all focusing functions. 

As the SIL 14 is mechanically de-coupled from the lenses 12, 13, by allowing 
the SIL 14 to rotate freely to some extent about its centre of curvature, the system can be made 
relatively tolerant to disk tilt. The tolerance on de-centring of the SIL on the slider with 
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respect to the dual lens objective lens system 12, 13 should however be relatively strict. The 
lenses 12, 13, 14 may be coupled tightly mechanically via the rotary arm 39 in directions 
parallel to the plane of the disk to avoid de-centring. 

Figure 5 shows the third embodiment of the invention. Again, elements having 
5 the same reference numerals as elements shown in Figures 3 or 4 have the same function. The 
first lens 12 is mounted to the rotary arm 38 by an electro-magnetic focus actuator 43 whereby 
the axial positioning of the first lens 12 may be individually altered under the control of a 
focus servo control signal 29 and/or a signal switching between information layers in the disk. 
The second lens 13 is mounted on the slider 35 with the SIL 14. The second lens 13 is 

10 adjustable in height with respect to the SIL 14 by means of a piezo actuator 44. The axial 

positioning of the second lens 13 may then be individually altered under the control of a focus 
servo control signal 29 and/or a signal switching between information layers in the disk. 
Alternatively, the piezo actuator 44 may be replaced by a rigid mounting. Further 
alternatively, the electromagnetic actuator may also be replaced by a rigid mounting whilst an 

15 element outside the objective lens system, such as that described above, may be used for all 
focusing functions. 

It will be appreciated that in relation to all of the above described embodiments, 
a linear motor can be used for tracking instead of a rotary arm actuator as described above. 
The dimensions of the lenses given above are not limiting and any suitable size lens giving the 
20 appropriate characteristics may be used. Furthermore, although the third lens element is an 

SIL, arrangements in which the third lens element is not an SIL may also be employed in all of 
the above-described embodiments, without departing from the scope of the invention, in order 
to provide a high numerical aperture objective lens system capable of reading different layers 
of a multilayer disk. 



4 
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CLAIMS: 



1. An optical scanning device for scanning an optical record carrier including at 
least one information layer, the device comprising a radiation source for generating a radiation 
beam and a compound objective lens system, located in an optical path between the radiation 
source and the location of the record carrier, for converging the radiation beam to a spot on a 

5 said information layer, wherein the compound objective lens system comprises a first lens 
element, a second lens element located between the first lens element and the location of the 
record carrier, and a third lens element located between the second lens element and the 
location of the record carrier, wherein the first lens element is arranged to converge the beam 
to a first convergent state, the second lens element is arranged to converge the beam to a 
10 second convergent state, said second state being of greater convergence than said first state, 
and the third lens element is arranged to supply the beam to the spot on the information layer. 

2. An optical scanning device according to claim 1, further comprising a slider for 
locating the third lens element axially with respect to the record carrier, whilst the record 

15 carrier moves with respect to the lens system. 

3. An optical scanning device according to claim 2, in which the first, second and 
third lens elements are carried primarily by the slider. 

20 4. An optical scanning device according to claim 2, in which the third lens 

element is carried primarily by the slider, whilst the first and second lens elements are carried 
primarily by a separate portion, or portions, of the device. 

5. An optical scanning device according to claim 2, in which the second and third 
25 lens elements are carried primarily by the slider, whilst the first lens element is carried 

primarily by a separate portion, or portions, of the device. 

6. An optical scanning device according to any preceding claim, in which the 
relative positioning of the lens elements is controlled by a focus actuator. 



WO 01/45098 



PCT/EP00/12588 



10 



7. An optical scanning device according to claim 6, in which the focus actuator is 

arranged to axially move the second lens element with respect to the first lens element. 

5 8. An optical scanning device according to any of claims 1 to 4, in which the 

position of the second lens element is fixed with respect to the first lens element. 

9. An optical scanning device according to any of claims 1 to 7, comprising a 
focus actuator for axially moving the first lens element with respect to the second lens 

10 element. 

10. An optical scanning device according to any preceding claim, arranged to alter 
focusing between information layers in the record carrier by focusing means outside the path 
of the compound objective lens. 

15 

11. An optical scanning device according to any preceding claim, in which the 
numerical aperture of the compound objective lens is greater than 1.6. 

12. An optical scanning device according to any preceding claim, in which the third 
20 lens element comprises a solid immersion lens. 

13. An optical scanning device according to claim 12, in which the thickness 
tolerance of the solid immersion lens is such that the compound objective lens system is 
capable of focusing on any of a plurality of information layers located at different respective 

25 depths in the optical record carrier. 

14. An optical scanning device according to any preceding claim for scanning an 
optical record carrier including a transparent layer behind which the at least one information 
layer is located in the record carrier. 

30 

15. An optical scanning device according to claim 14 for scanning an optical record 
carrier including a transparent layer having a refractive index substantially the same as the 
solid immersion lens. 
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16. An optical scanning device according to any of claims 13 to 15, in which the 
solid immersion lens is partially spherical and has a substantially equal radius and thickness. 

17. An optical scanning device according to any of claims 13 to 15, in which the 
5 solid immersion lens is partially spherical and the combined thickness of the solid immersion 

lens and the transparent layer is substantially equal to the radius of the solid immersion lens. 

18. An optical scanning device according to any preceding claim in which the first 
and/or second lens elements are plano-convex lenses. 

10 

19. An optical scanning device according to any preceding claim, in which the first 
and/or second lens elements are concave-convex. 
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